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STEEL FOR USE IN HIGH STRENGTH PINION SHAFT AND 
MANUFACTURING METHOD THEREOF 

BACKGROUND OF THE INVENTION 
The present invention concerns a steel for use in high 
strength pinion shaft for manufacturing a pinion shaft used 
in automobile steering systems, as well as a manufacturing 
method thereof. 

In existent steering systems, rack & pinion systems 
utilizing an oil pressure have been predominant in which 
pinion shafts are used for the systems* The pinion shaft 
serves as a part for transmitting a rotational . torque when a 
driver operates a steering wheel and converting rotational 
motion to linear motion by meshing with a geared portion of a 
rack bar, and it is one of important parts in the steering 
system. 

The pinion shaft is manufactured by the combination of 
steel species and surface hardening heat treatment, for 
example/ using case hardened steel (for example, JIS SMnC420, 
SCM420) and applying carburization hardening and tempering, 
or using carbon steel (for example, JIS S45C) or tough and 
hard steel (for example, JIS SCM440, SCM445) and applying 
high frequency hardening and tempering. 
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However, carburization hardening and tendering to the 
case hardened steel involves a problem of increasing the heat 
treatment cost and occurrence of heat treatment strains or 
abnormal heat treated layers . 

On the other hand, in a case of applying high 
frequency hardening and tempering to carbon steels or tough 
and hard steels , while the cost is reduced and strains are 
decreased compared with carburization hardening and tempering 
to the case hardened steel, it results in a problem of 
increasing the cost by refining in a case of using a material 
applied with a refining treatment in order to ensure the 
inner hardness of the pinion shaft and easiness for high 
frequency hardening. On the other hand/ in a case of using a 
not-refined steel instead of the material applied with the 
refining treatment , it results in a problem of lowering the 
performance of the pinion shaft because of low impact 
strength. 

As the not-refined steel for use in shaft such as 
pinion shaft, JP-A No. 09-195000 discloses a not-refined 
steel containing: C: 0,20 - 0.50%, si: 0.05 - 0.70%, Mh: 
exceeding 0.60 and up to 1.00%, S: 0.01 - 0.07%, V; 0,02 - 
0-50%, N: 0.002 - 0-03%, P: 0 - 0.050%, Cu: 0 - 0,30%, Ni : 0 
- 0.30%, Cr: 0 - 1.00%, Mo: 0 - 0.30, Al: 0 - 0.050%, Pb: 0 - 
0.30%, Ca: 0 - 0.0100%, Te : 0 - 0.10%, Bi; 0 - 0.100% and the 
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balance of Fe and inevitable impurities in which fnl ^ 0 and 
fn2 S 0; fnl ~ C+ (Si/10) + (Mn/6) +5N+1 . 65V+ (Cr/3) -0 . 6, fn2 » 
TC/ (fnl+0.6) J-0.6. 

Further, gear cutting is conducted in the 
manufacturing steps of the pinion shaft. Depending on the 
material used upon gear cutting, the geared surface is 
sometimes roughened to deteriorate the tooth form accuracy 
due to the effects of hardness and tissuer (particularly, in *•■ 
those not applied with pre-heating treatment such as refining 
and annealing) * When the form accuracy is lowered, since the 
state of the meshing surface in the tooth portion of rack and 
pinion is worsened, the wear resistance or pitting resistance 
is sometimes deteriorated. Further, depending on the 
lowering for the tooth form accuracy, state of friction at 
the gearing surfaces changes greatly to result in a problem 
of lowering the feeling in steering. 

Further, for coping with the energy saving demand in 
view of recent global ecological problems, electromotive type 
power steering utilizing motors (EPS) have been developed and 
tended to be used more and more instead of hydraulic power 
Steerings . 

EPS sometimes have assist mechanisms different from 
those in the existent steering systems and, particularly, in 
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a type of assisting the rotational torque of the pinion shaft 
since larger force exerts on the meshing portion for the 
teeth portion of the rack and pinion, compared with the 
existent systems, the working conditions tend to become 
severer compared with the existent systems. 

In a case where steels free of the refining treatment, 
that is, not-refined steels are put to gear cutting as they 
are by a hob or the -like, this results in a problem that the 
gear cut surface becomes roughened to deteriorate the tooth 
form accuracy and lower the wear resistance or pitting 
resistance. Further, in a case where high frequency 
hardening is applied to usual not-refined steels, since they 
have high ferrite content, ferrite remains in the high 
frequency hardened layer under usual high frequency heating 
conditions, failing to obtain a predetermined surface 
hardness thereby resulting in a problem of lowering the wear 
resistance and the pitting resistance. In a case where 
heating is conducted at higher temperature or for longer time 
as high frequency heating conditions in order not to remain 
ferrite, this results in a problem that the depth of the 
hardened layer increases to cause large heat treatment 
strains or crystal grains growth to lower the strength. 
Further, in a case of applying high frequency hardening to 
existent not-refined steels, it results in a problem of 
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failing to obtain desired strength to torsion, bending, 
impact torsion or impact bending, 

SUMMARY OF THE INVENTION 
For solving the subject described above , the present 
invention intends to overcome the foregoing problems and 
provide a steel for use in high strength pinion shaft which 
is not refined and used by high frequency hardening, with 
less occurrence of peeling upon hobbing/ having higher ' ~ " - ■ 
surface hardness and impact value and torsional strength 
after high frequency hardening, and with less heat treatment 
strains, as well as a manufacturing method thereof - The 
present inventors have made an earnest study on steels for 
use in a pinion shaft with less occurrence of peeling upon 
hobbing/ less heat treatment strains upon high frequency 
hardening and having high surface hardness, impact value and 
torsional strength, and have found that occurrence of peeling 
upon hobbing can be prevented mainly by optimizing the 
ingredient composition and refining the micro-tissue, 
occurrence of heat treatment strains during high frequency 
hardening can be suppressed mainly by optimizing the 
ingredient composition and adjusting the tissue before high 
frequency hardening, and that the pitting resistance and the 
wear resistance of the pinion shaft can be improved by 
optimizing the hardness of the high frequency hardened layer 
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and the C-content that gives a significant effect on the 
hardness . 

Further, it has been found that strength to torsion, 
bending, impact torsion and impact bending can be improved 
mainly by combinational addition of ingredients, particularly, 
of Mo and B and controlling the tissue before high frequency 
hardening, the ingredient composition may be defined as the 
ingredient composition described in the scope of the" claim"** ~ 
for patent and the tissue can be rendered into a three-phase 
texture of ferrite + pearlite + bainite in which the ferrite 
area ratio is 4 0% or less, and the maximum pearlite block 
size is 100 jim or less as a circle-equivalent diameter, by 
fabricating the steel of the ingredient composition described 
above at a temperature of 850°C or lower and under a draft at 
an area reduction of 10% or less* 

The invention can be achieved based on the findings 
described above. 

That is, a steel for use in high strength pinion shaft 
contains/ C: 0.45 - 0.55%, Si: 0.10 - 0.50%, Mn: 0.50 - 1.20%, 
P: 0.025% or less, S; 0.025% or less, Ho: 0.15 - 0.25%, B: 
0.0005 - 0.005%, Ti: 0.005 - 0,10% and Iff: 0.015% or less and, 
further, optionally, containing one or more of elements of 
Cu: 0.50% or less, Ni: 0.50% or less and Cr: 0.50% or less 



6 



(i,4- 1-22; 9:59PM:NGB 



McGINN & GIBB ;81356613954 



# 8/ 42 



and, further contains, optionally, one or more elements of 
Nb: 0.20% or less, Ta: 0.20% or less, Zr: 0.10% or less, and 
Al: 0.10% or less and satisfies the following relation 1 and 
relation 2 with the balance of Fe and inevitable impurities: 
Relation 1 

0,80 ^ Ceq 5 0.95 
in which Ceq = C + 0.07*Si + 0.16xMh + 0.20xCr + 0.72*Mo 
Relation 2 

f value ^ "1V0 ' " 
where f value ™ 2.78 - 3.2xC + 0.05*Si - 0.60xMn 

- O.SSxCu - O.fiOxNi - 0.75*Cr 

Further, a steel for use in high strength pinion shaft 
contains; C: 0,45 - 0.55%, Si: 0.10 - 0.50%, Mn: 0.50 - 1.20%, 
P: 0.025% or less, S: 0.025% or less. Mo: 0.15 - 0.25%, B; 
0.0005 - 0.005%, Ti: 0.005 - 0.10% and N: 0.015% or less and, 
further, optionally, containing one or more of elements of 
Cu: 0.50% or less, Ni: 0.50% of less and Cr: 0.50% or less 
and further contains, optionally, one or more elements of Nb; 
0.20% or less, Ta: 0.20% or less, Zr: 0*10% or less and Al: 
0.10% or less and satisfies the following relation 1 and 
relation 2 with the balance of Fe and inevitable impurities, 
in which the tissue after hot rolling is a 3-phase texture of 
ferrite + pearlite + bainite, the ferrite area ratio is 40% 
or less and the maximum pearlite block size is 100 pm or less 
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in a circle-equivalent diameter, the hardness after hot 
rolling is 24 to 30 HRC, the surface hardness after high 
frequency hardening is 650 HV or more, and the old austenite 
crystal grain size in the hardened layer is 8 or more in view 
of grain size number: 
Relation 1 

0.80 ^ Ceq i 0.95 
in which Ceq = C + 0.07*Si + 0.16*Mn + 0.20*Cr + 0,72«Mo 
Relation 2 ■ 

f value ^1.0 
where f value - 2.78 - 3.2*C 4- 0.05*Si - 0.60*Mn 

- 0.55xCu - 0.80xNi - 0.75xCr 

Further, in the method of manuf acturing a steel for 
use in high, strength pinion shaft according to the invention, 
a steel containing: C: 0-45 - 0.55%, Si: 0.10 - 0.50%, Mn: 
0.50 - 1.20%, P: 0.025% or less, S: 0.025% or less, Mo: 0.15 
- 0,25%, B: 0.0005 - 0.005% Ti : 0.005 - 0.10% and N: 0*015% 
or less, and further, optionally, containing one or more of 
elements of Cu: 0.50% or less, Ni: 0.50% of less and Cr : 
0.50% or less and further contains, optionally, one or more 
elements of Nb: 0.20% or less, Ta: 0.20% or less, Zr: 0.10% 
or less, and Al: 0.10% or less and satisfying the following 
relation 1 and relation 2 with the balance of Fe and 
inevitable impurities, is put to working at a temperature of 

8 



11.4- 1-22; 9:59PM;NGB 



McGINN & GIBB 



;81 355613954 



# 1 0/ 42 



850°C or lower and under a draft ratio at a area reduction of 
10% or more: 
Relation 1 

0.80 ^ Ceq ^0.95 
where Ceq = C + 0.07*Si + 0.16xMn + 0.20xCr + 0,72*Mo 
Relation 2 

f value g 1 . 0 
where f value - 2.78 - 3.2*C + 0.05*Si - 0.60*Mn 

- O.SSxCu - O.BOxNi - 0.75xcr 

The steel for use in high strength pinion shaft 
according to the invention, having the constitution as 
described above/ causes less occurrence of peeling during 
nobbing, has high surface hardness, impact value and 
torsional strength after high frequency hardening, and 
suffers from less heat treatment strains during high 
frequency hardening* Since the steel for using high strength 
pinion shaft has high surface hardness, impact value and 
torsional strength after the high frequency hardening, it can 
be used also in electromotive type power steer ings that 
undergo severe working conditions among the steering systems 
and, further, can reduce the weight corresponding to the 
size-reduction of the steering systems - 

Further, according to the method of manufacturing the 
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steel for use in high strength pinion shaft of the invention, 
having the constitution described above/ the tissue after the 
hot rolling is a three-phase texture of ferrite + pearlite + 
bainite, the ferrite area ratio is 4 0% or less and the 
maximum pearlite block size is 100 Jim or less as a circle- 
equivalent diameter and, further, the hardness after hot 
rolling is 24 to 30 HRC, the surface hardness after high 
frequency hardening is 650 HV or more and the crystal grain 
size of old austenite in the hardened layer lis 8 or more ±n 
view of grain size number, so that the steel for use in high 
strength pinion shaft having the properties described above 
can be manufactured- 

DETAILED DESCRIPTION OF THE EMBODIMENT 
Then, the reason for specifying the ingredient 
composition, Ceq and f value of the steel for use in high 
strength pinion shaft according to the invention is to be 
described. 

C: 0.45 - 0.55% 

Since C increases the hardness of the high frequency 
hardened layer and improves the pitting resistance or the 
wear resistance, it is an element incorporated for this 
purpose* It is necessary to incorporate C by 0.45% or more 
in order to obtain the function and effect described above 
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but, in a case where the content is excessive, since the 
strength to torsion, bending, impact torsion/ impact bending, 
etc. of the high strength pinion shaft is lowered, the upper 
limit is defined as Q-55%. 

Si: 0.10 - 0.50% 

Since Si has an deoxidizing effect during melting of 
steels, the element is incorporated for this purpose. It is 
necessary to 'incorporate Si by 0.10 or more" for obtaining the 
function and the effect. However/ since the toughness of the 
steel is deteriorated if the content is excessive, the upper 
limit is defined as 0.50%. 

Mn: 0.50 - 1.20% 

Since Mn has a deoxidation effect during melting of 
steels and improves the hardenability of the steels , the 
element is incorporated for this purpose. It is necessary to 
incorporate Mu by 0.50% or more for obtaining the function 
and the effect* However, since the hardness is excessively 
increased if the content is excessive, the upper limit is 
defined as 1.20%. 

P: 0.025% or less 

Since P is an inevitable impurity, segregates at the 
grain boundary to lower the toughness and promotes the 



11 



1-22; 9 : 59PM ; NGB 



McGINN & GIBB ;81355613954 



occurrence of quenching crack upon high, frequency hardening, 
lower P content is preferred. However, since even when it is 
lowered as the content is lower, the effect is saturated and 
the cost is increased, the upper limit is defined as 0.025%* 

S: 0*025% or less 

Since S is an inevitable impurity and forms sulfide 
type inclusions to form triggers for fatigue fracture and, 
accordingly, lowers the fatigue strength** causing quenching * 
crack, it is preferably lower. However, since the 
machinability is deteriorated when the content is remarkably 
lower, the upper limit is defined as 0.025%. 

Mo: 0.15 - 0.25% 

Since Mo improves the hardenability and improves the 
resistance to the effect of impact stress in the hardened 
layer obtained by high frequency hardening to increase the 
resistance to impact crack developing energy, the element is 
incorporated for this purpose- It is necessary to 
incorporate Mo by 0.15% or more in order to obtain the effect. 
However, since martensite is generated in a rolled state to 
increase the hardness and deteriorate the machinability in a 
case where it is incorporated by a great amount, the upper 
limit is defined as 0.25%. Further, when it is added in 
combination with B, the toughness improving effect for the 
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high frequency hardened layer can be promoted further. 

B:0.0005 - 0,005% 

Since B improves the hardenability and suppresses 
grain boundary segregation of P to improve the toughness of 
the high frequency hardened layer, the element is 
incorporated for this purpose. It is necessary to 
incorporate B by 0.0005% or more in order to obtain the 

effect. However;* since the crystal grains grow to - -■ 

deteriorate the toughness if it is contained excessively, the 
upper limit is defined as 0.005%. Further, when it is added 
in combination with Mo, the effect of improving the toughness 
of the high frequency hardened layer is further promoted. 

Ti: 0.005 - 0.10% 

Since Ti forms TiN to fix N in the steel and hinders 
formation of BN to increase the effective amount of B, the 
element is incorporated for this purpose. It is necessary to 
incorporate Ti 0.005% or more in order to fix N and provide 
the above-mentioned effect of B. However, since the 
toughness is lowered if it is contained excessively, the 
upper limit is defined as 0*10%. 

N: 0.015% or less 

Since N is an inevitable impurity and forms a nitride 
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type non-metal inclusions in the steel to lower the fatigue 
strength of the pinion shaft to be manufactured, the upper 
limit is defined as 0.015%. 

Cu: 0.50% or less 

Cu may be incorporated for controlling the f value. 
However, since it deteriorates the hot workability of steel 
when contained in a great amount, the upper limit is defined 
as 0.50% or less, — • * • - 

Ni: 0.50% or less 

Ni may be incorporated for controlling the f value. 
However, since it deteriorates the machinability of steel 
when contained in a great amount, the upper limit is defined 
as 0.50% or less. 

Cr: 0*50% or less 

Cr may be incorporated for controlling the f value. 
However, since the hardenability of the steel increases to 
form martensite in the rolled state to increase the hardness 
and deteriorate the machinability when it is contained in a 
great amount, the upper limit is defined as 0.50%. 

Nb: 0.02% or less, Tai 0.20% or less 

Since Kb and Ta. refine the tissue of the high 
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frequency hardened layer to improve the toughness/ the 
elements are incorporated for the purpose. However / since 
the effect is saturated when they are contained in a great 
amount/ the upper limit is defined as 0.20%. 

Zr: 0.10% or less 

Since Zr refines the tissue of the high frequency 
hardened layer to improve the toughness and forms oxides as 
nuclei of sulfides and improves the ductility erf mxS "to* form- 
granular sulfides and/ accordingly, improves the resistance 
to torsional fatigue, the element is incorporated for this 
purpose. However/ since the effect is saturated when it is 
contained a great amount/ the upper limit is defined as 0.10% 

Al: 0.10% or less 

Since Al has a strong deoxidation effect during 
melting of steel and refines the crystal grains to improve 
the toughness, the element is incorporated for this purpose - 
However, since AI2O3 type inclusions increase to lower the 
fatigue strength when contained in a great amount/ the upper 
limit is defined as 0.10%. 

0.80 g Ceq ^ 0.95 

where Ceq - C + 0.07*Si + 0.16*Mh + 0.20*Cr + 0.72*Mo 

The hardness in the state as hot rolled is determined 
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mainly depending on the chemical composition of the steel, 
size of the rolled material/ rolling conditions and cooling 
conditions. In a case of a steel for use in pinion shaft, 
since the size of the steel material is 20 to 30 mm in the 
diameter, the hot rolling conditions are: at a temperature of 
8S0°C or lower and under a draft at an area reduction ratio 
of 10% or more, and the cooling method is an air blast 
cooling, spontaneous atmospheric cooling or pot cooling not 
undergoing -remarkable "increase In the cost,* the hardness -is 
substantially determined by the magnitude of Ceq. For making 
the hardness to 24 - 30 HRC necessary for the steel for use 
in the pinion shaft (to be described later specifically), it 
is necessary that Ceq is from 0.80 to 0.95. This is because 
the hardness after hot rolling is not 24 HRC or more when Ceq 
is less than 0.80, On the other hand, hardness increases 
excessively to greater than 30 HRC, to lower the 
itiachinability if Ceq is larger than 0.95. 

f value g 1 .0 

where f value = 2-78 - 3.2xC + O.OSxSi - 0.60*Mn 

- 0.55xCu - 0.80*Ni - 0.75*Cr 
The amount of ferrite is determined mainly depending 
on chemical composition of steel, size of the rolled material, 
rolling conditions and cooling conditions. In a case of a 
steel for use in pinion shaft, since the size of the steel 
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material is 20 to 30 mm in the diameter/ the hot rolling 
conditions are: at a temperature of S50°C or lower and under 
a draft at an area reduction ratio of 10% or more, and the 
cooling method is a shot blow cooling, spontaneous 
atmospheric cooling or pot. cooling not undergoing remarkable 
increase in the cost, the amount of ferrite is substantially 
determined depending on the magnitude of the f value. For 
ma3dLng the amount of ferrite to 40% or less necessary for the 

steel for use an" "piJiiTon Tshaft (to be described -later * - 

specifically), it is necessary that the f value is 1-0 or 
less. This is because the ferrite amount can not be 40% or 
less which is necessary for the steel for use in pinion shaft 
in a case where the f value is larger than 1.0. 

Then, the reason of specifying the tissue after hot 
roiling, the ferrite area ratio and the maximum pearlite 
block size, hardness after hot rolling and surface hardness 
and the old austenite crystal grain size after the high 
frequency heating as described above is to be described. 

Tissue after hot rolling: three-phase texture ferrite + 
pearlite + bainite 

Since the hardness increases remarkably and the impact 
value is lowered when the martensite is present, it is formed 
as a three-phase texture of ferrite .+■ pearlite + bainite* 
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Ferrite area ratio: 40% or less 

In a case where a great amount of ferrite is present 
in the tissue before high frequency hardening/ diffusion of C 
in the ferrite is insufficient in a short time heat treatment 
such as high frequency hardening and ferrite remains in the 
tissue after the high frequency hardening* The remained 
ferrite lowers the bending and torsional strength. In 
addition, it* is* difficult to obtain unrfontr hardness ^and the* 
wear resistance is also deteriorated. For decreasing the 
remained ferrite, it may be considered to conduct heating for 
a longer time or at a higher temperature in the high 
frequency hardening. However , when heating is conducted for 
a long time, the depth of the hardened layer increases to 
increase the strains in the pinion shaft to be manufactured 
and it also deteriorates the fatigue strength by the lowering 
of. the residual stress near the surface. In a case of 
heating at a higher temper ature, crystal grains in the high 
frequency hardened layer grow to lower the toughness. 
Accordingly, it is desirable that the amount of ferrite 
before high frequency hardening is restricted to 4 0% or less. 
Further, the amount for pearlite and bainite is not 
restricted since they are less deleterious compared with 
ferrite- 
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Maximum pearlite block size: 100 or less in the circle^ 

equivalent diameter 
For suppressing occurrence of peeling during hobbing, 
it is effective to refine the tissue. This is because 
peeling occurs particularly to cause peeling during hobbing 
if the pearlite block size is coarse. When the surface 
finishing accuracy of a practical pinion shaft is taken into 
consideration, it is necessary to restricted the circle- 
equivalent diameter * of " the pearlite block to 100 ym or" less " 
and, accordingly, the value is preferably 100 \mn or less. 

Hardness after hot rolling: 24-30 HRC 

For, ensuring the tool life in the machining of the 
pinion shaft and the strength of pinion shaft, the hardness 
is preferably 24-30 HRC. In a case where it is 24 HRC or 
less, strength necessary for the pinion shaft can not be 
obtained- On the contrary, if it is 30 HRC or more, the tool 
life is lowered to increase the cost and it takes a longer 
time for working. 

Surface hardness after high frequency hardening of 650 HV or 
more 

For ensuring the strength and the wear resistance, 
particularly, ensuring the wear resistance of the pinion 
shaft, the surface hardness after the high frequency 
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hardening is preferably 650 HV or more- 

Old austenite crystal grain size of the hardened layer after 
high frequency hardening: grain size No* of 8 or more 

Since the toughness after high frequency hardening and 
tempering is lowered when the crystal grain size of the old 
austenite is large, it is preferred that the grain size No. 
of the old austenite crystal grain size is 8 or more* 

Then/ description is to be made to hot rolling - ■ 
conditions in the manufacturing method of steel for use in 
high strength pinion shaft of the invention. 

The tissue is refined when the rolling temperature is 
low and the draft ratio is large but if the rolling 
temperature is excessively low or the draft ratio is 
excessively small/ it exhibits not re-crystallized tissue to 
make the tissue coaser after rolling. In order to make the 
micro-tissue finer and the pearlite block size to be 100 fim 
or less in the steel material after rolling/ it is necessary 
to conduct rolling at a temperature of 850°C or lower and/ 
preferably, 700°C or higher under a draft ratio of 10% or 
more . 

The steel for use in high strength pinion shaft of the 
invention has the ingredient composition within the range 
described above, satisfies the two relations described above 
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and contains the balance of Fe and inevitable impurities, or 
the tissue after the hot rolling, the ferrite area ratio, the 
maximum pearlite block size, the hardness after hot rolling, 
the surface hardness after high frequency hardening and the 
old austenite crystal grain size in the hardened layer are 
further specified as described above, by the reasons 
described above, 

i 

In the method of manufacturing the steel for use in 
high strength" pinion- shaft- of the invention,- those materials * 
having the ingredient composition within the range describee! 
above, satisfying the two relations described above and 
containing the balance of Fe and inevitable impurities are 

put to working at a temperature of 850 P C or lower and under a 
draft ratio at an area reduction of 10% or more by the 
reasons described above* 

, Example 

Then, description is to be made to examples of the 
present invention • 

Example 1 

After melting steels of examples of the invention and 
comparative examples of the following ingredient compositions 
shown in Table 1, they were formed into billets and hot 
rolled under a draft ratio of 15% at a temperature of 850 6 C 
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or lower into round rods each of 23 mm4> and then air cooled. 
From the round rods, were prepared test specimens for 
measuring the micro-tissue, the ferrite area ratio and 
maximum pearlite block size, test specimens for measuring the 
hardness of rolled materials, test specimens for hobbing, 
test specimen for measuring the hardness after the high 
frequency hardening, specimens for measuring strains by high 
frequency hardening and specimens for measuring torsional 

strength. - Using-- the— test specimens/ measurement wa's" 

conducted respectively by the following test methods. The 
results are shown in the following Table 2. 

Measurement for micro-tissue, ferrite area ratio and maximum 
pearlite block size 

Using the test specimens described above, the traverse 
cross section was ground, etched and then measured by an 
optical microscope. 

Measurement for rolled material hardness (hardness after 
rolling) 

Hardness of the test specimens was measured by C-scale 
using a Rockwell hardness gage. 

Measurement for peeling in hobbing 

* The test specimens for hobbing (15 mmtj) for shaft 
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portion, 22 mitufr for gear cut portion and 130 mm for length) 
were put to gear cutting by using a hob made of high speed 
steel at a rotational speed of 425 rpm and a feed rate of 
0.73 mm/min, and the roughness at the cut surface was 
measured by a roughness measuring instrument. 

Measurement for high frequency heating hardness of the high 
frequency hardened surface 

Test specimens "each of 20 irarufr and 150 mia length were' 
prepared from round rods each of 23 mm<J> as described above, 
heated by an high frequency heating apparatus at a surface 
heating temperature of about 900 to 1000°C for a heating time 
from 2 to 5 sec, then cooled with water and tempered by 
heating at 170°c. The specimens used for the test were 
measured by using a Vickers hardness gage - 

Measurement for high frequency heating strains of tooth form 

Pinion shafts each having a shaft portion of 15 mm<j>, 
gear cut portion of 22 mm$ and 130 mm length were 
manufactured from round rods each of 23 rarruj> described above, 
heated by an high frequency heating apparatus at a surface 
heating temperature of about 900 to 1000°C for a heating time 
from 2 to 5 sec, then cooled with water and tempered by 
heating at 170°c and then the tooth form accuracy was 
measured. 
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Measurement for torsional strength 

Test specimens each of 12 mm diameter for the test 
portion were prepared from the round rods each of 23 mmcj> 
described above , the test specimens were put to high 
frequency hardening and tempering, and the torsional strength 
was measured by a hydraulic type torsional tester. 
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According to the results of Table 2, in each of the 
examples of the present invention, the micro- tissue was a 
three-phase texture comprising ferrite + pearlite + bainite, 
the ferrite area ratio is 20% or less, the maximum pearlite 
block size was 35 to 55 pm in the circle-equivalent diameter/ 
the hardness of the rolled material (hardness after rolling) 
was 24.4 to 29.7 HRC and 36.9 HRC {example for claim 1), the 
surface hardness after high frequency hardening was 650 to -■ 
760 HV, peeling in hobbing was small/ the tooth form strain 
was small and the torsional strength was 1670 to 1800 MPa. 

On the contrary, in Comparative Example 1 in which the 
C content and Ceq were less than those of the invention and 
the f value was higher than that of the invention/ the 
ferrite area ratio was larger than that in the examples of 
the invention/ the hardness of the rolled material (hardness 
after rolling) was much lower than that of the examples of 
the invention and the peeling in hobbing and tooth form 
strain by the high frequency hardening were larger than those 
in the examples of the invention. 

Further, in Comparative Example 2 in which the Si 
content was larger than that of the invention and Ceq was 
higher than that of the invention, the maximum pearlite block 
size was larger than that in the examples of the invention 
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and peeling in hobbing and tooth form strain by high 
frequency hardnening were larger than those in the examples 
of the invention. 

Further, in Comparative Example 3 in which Ceq was 
somewhat lower them that in the invention, the ferrite area 
ratio was somewhat larger than that in the examples of the 
invention/ the surface hardness after high frequency 
hardening was -somewhat lower than that xn the -examples ~of- the 
invention, and peeling in hobbing and tooth form strain by 
high frequency hardening were larger than those in the 
examples of the Invention. 

Further, in Comparative Example 4 in which the C 
content was somewhat less than that in the invention, the Si 
content was much more than that in the invention and the f 
value was higher than that in the invention, the ferrite area 
ratio was larger than that in the examples of the invention, 
the hardness of the rolled material was somewhat lower than 
that in the examples of the invention, the surface hardness 
after high frequency hardening was much lower than that in 
the examples of the invention and, further, peeling in 
hobbing and tooth form strain by high f requency hardening 
were larger than those in the examples of the invention. 

. Further^ in Comparative Example 5 in which the C 
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content was somewhat less than that in the invent ion, and Ceq 
was lowered than that in the invention, the ferrite area 
ratio was somewhat larger than in the examples of the 
invention, the hardness of the rolled material and the 
surface hardness after high frequency hardening were much 
lower than those in the examples of the invention, further, 
peeling in hobbing and tooth form strain by high frequency 
hardening were larger than those in the examples of the 
invention, and the torsional strength was somewhat 'lower- tiraxv ' 
that in the examples of the invention. 

Further, in Comparative Example 6 in which the C 
content was more than that in the invention, the maximum 
pearlite block size was somewhat larger than that in the 
examples of the invention and, further, peeling in hobbing 
was larger than that in the examples of the invention and the 
torsional strength was rather lower than that in the examples 
o f the invention - 

Further, in Comparative Example 7, in which the Mo 
content was somewhat less than that in the invention and Cerq 
was somewhat lower than that in the invention, the hardness 
of the rolled material was somewhat lower than that in the 
examples of the invention and, further, peeling in hobbing 
and tooth form strain by high frequency hardening were larger 
than, those in the examples of the invention, and the 
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torsional strength was somewhat lower than that in the 
examples of the invention. 

Further, in comparative Example 8 in which the Mo 
content was more than that in the invention martensite was 
present in the tissue and peeling in hobbing was larger than 
that in the examples of the invention. 

Further, in Comparative Example 9 in which the Si 
content was more than that in the Invention and. the B content 
was less than that in the invention, the "tor sironal '"strength 
was much lower than that in the examples of the invention. 

Further, in Comparative Example 10 in which the Ti 
content and the N content were somewhat more than those in 
the invention, the torsional strength was much lower than 
that in the examples of the invention. 

Example 2 

Test materials having the old austenite crystal grain 
size corresponding to the crystal grain size numbers 
described in the following Table 3 were prepared by using 
billets prepared in Example 1, and having ingredient 
compositions of Example 4 and Comparative Example 2 shown in 
Table 1, while controlling the heating temperature upon hot 
rolling to 1100 to 1250°C, the rolling temperature to 750 to 
950°C, under the cooling conditions in the range of air blast 
cooling, atmospheric cooling or pot cooling, respectively. 
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The following test specimens for measuring crack developing 
energy were prepared from the test materials and the 
following crack developing energy test was conducted. The 
results are shown in the following Table 3. The old 
austenite crystal grain size was measured by an optical 
microscope after polishing and etching the bottom cross 
section of a notch in the test specimen. 

Crack developing energy test 

JIS 2 ram U-notch test pieces were heated at a surface 

heating temperature of 900 to 1100°C for a heating time from 
2 to 5 sec by an high frequency heating apparatus, then 

cooled with water and then tempered at 170°C. The crack 
developing energy was determined by using the test specimens 
by instrumented Shalpy test. The results are shown in the 
following Table 3* 
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Table 3 





No. 


Tested material 


Old austenite 
crystal grain 
size number in 
high frequency 
hardened layer 


Crack 
developing 
energy 
(J) 


Example of 
the 

invention 


11 


Example 4 


6.6 


15 


12 


M ■ 


10.5 


20 


Comparat ive 
example 


11 


Comp. Example 2 


5.5 


6 


12 


n 


8.5 


9 



According to the results in Table 3, the crack 
developing energy was 15 J and 20 J in Examples 11 and 12 of 
the invention having the old austenite crystal grain size of 
8 6 and 10 . 5 , . . 

On the contrary, in Comparative Examples 11 and 12 
having the old austenite crystal grain size of 5.5 and 8.5 
(Comparative Example 2 as the test material has more Si 
content than that in the invention and higher Ceq than that 
in the invention) , the crack developing energy was 6 J and 9 
J, which was one-half or less than that in the example of the 
invention. 
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Example 3 

Test specimens each of 53 mm4> and 5 mm thickness were 
prepared from pellets prepared in Example 1 and having the 
ingredient compositions of Examples 1, 3, 4, 6 and 7 and 
Comparative Examples 1/ 4 and 6 in Table 1* After putting 
the test specimens to high frequency hardening and tempering, 
the surface hardness was measured and the amount of wear was 
measured by the following method. The 'results* are shown* in - 
the following Table 4. 

Measuring test for wear loss 

Wear test was conducted using the test specimens 
described above by a pin-on-disk type wear tester under the 
conditions at a load of 2 MPa, at a circumferential speed of 
1 m/min, under dry lubrication/ and using a mating pin of 
SUJ2 hardened/ tempered material (62 HRC) and then the wear 
loss of the test material was measured. 
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Table 4 





No- 


Test 

material 


Surface hardness 
of high frequency 
hardened material 
(HV) 


Wear loss 

(g> 


Example of 
the 

Invention 


13 


Example 1 


720 


0.002 


14 


Example 3 


650 


0.004 


I5 _ 


Example' 4 


715 


o*;oo3 


16 


Example 6 


718 


0.002 


17 


Example 7 


724 


0. 002 


Comparative 
Example 


13 


Coamp „ Example 1 


580 


0.043 


14 


Comp. Example 4 


570 


0.045 j 


15 


Camp Example 6 


540 


0.060 



According to the results in Table 4, in ths examples 
of the invention, the surface hardness of the, high frequency- 
hardened material was 650 to 724 HV, and the wear loss was 
0.002 to 0.004 g. 

On the other hand, in the comparative examples, the 
surface hardness was 540 to 580 HV and the wear loss was 
0.043 to 0.060 g which was ten times as large as that of the 
examples in the invention. 
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With the constitution as describe above, the steel for 
use in high strength pinion shaft according to the present 
invention can provide excellent effect of suffering from less 
peeling during hobbing, having high surface hardness, impact 
value and torsional strength after high frequency hardening, 
and has less heat treatment strains during high frequency 
hardening. 

Further, the method of manufacturing the steel for use 
in high strength pinion shaft according to the invention*/ 
having the constitution as described above, can provide 
excellent effects capable of manufacturing steels for use in 
high strength pinion shaft with less occurrence of peeling 
during hobbing, having high surface hardness/ impact value, 
and torsional strength after high frequency hardening and 
less heat treatment strains during high frequency hardening. 
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